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SECTION 1
INTRODUCTION

In the aerospace industry, there is a continuous quest for improved
performance. The demand for lighter aerospace structural materials with no
comprcmise in load carrying ability has given rise to the develooment of the lower
density and higher stiffness aluminum-lithium alloys.

Constant amplitude loading fatigue crack growth rate testing is a useful tool for
screening engineering materials and for evaluating various physical and metallurgical
mechanisms. However, constant amplitude loading does not simulate service
conditions and provide an accurate assessment of a structure's service life. For more
accurate life prediction, spectrum loading is preferred. One of the mechanisms present
in spectrum loading fatigue is increased compressive residual stress induced crack
closure following a positive high load excursion (1). It has long been known that crack
closure can account for the acceleration or retardation observed in propagating fatigue
cracks (2). Increased crack closure results directly in considerable crack retardation
following a tension overload. Aluminum lithium alloys have been shown to have a
higher level of fatigue crack closure under variable amplitude conditions attributable to
surface roughness of the crack faces (3-6). In adopting aluminum-lithium alloys, the
structure benefits from an extended fatigue service life in addition to the already
mentioned reduced weignt, at a cost increase which is generally reasonable for most
aerospace applications.

Variable amplitude loading experienced in service must be simulated in the
laboratory, along with variations in relative humidity which also influence the fatigue
crack growth rate in many high strength aluminum alloys. Higher humidity has been
shown to increase stress corrosion cracking and the fatigue crack growth rate in
aluminum alloy 7075 under both variable (7) and constant amplitude fatigue loading
conditions (8). The test material, a dispersion hardened powder metal (PM) aluminum
AL-905XL forging, is purported to have outstanding corrosion resistance (9). More
conventional precipitation hardened aluminum-lithium alloys, containing copper, in
addition to demonstrating excellent stress corrosion cracking resistance also show
improved fatigue crack growth resistance in a high humidity environment in the
threshold and near threshold regions (10). Fatigue crack growth retardation increases
with additional copper content.




Consequently, a fatigue investigation was initiated to determine whether this
fine grained, dispersion hardened, PM product, alloy AL-905XL, would also show
improved fatigue crack growth resistance as does a precipitation hardened Al-Li
product in a moist environment even though the test alioy contains no Cu, a strongly
influential element with respect to fatigue crack growth retardation in a precipitation
hardened Al-Li alloy. Variable and constant load amplitude tests were conducted in
both low and high humidity environments as well as in laboratory air.




SECTION 2
BACKGROUND

Preliminary variable amplitude loading, i.e. overload, (OL), testing was done
on aluminum alloy 2091-T851 rolled plate. The test specimen was a center cracked
panel, M(T), 4 inches wide. Specimens were machined from a half-inch plate reduced
in thickness to a quarter inch. A through-the-thickness machined siot 0.4 inch wide
served as a fatigue crack starter notch. This specimen configuration was selected due
to the original intention of including compression as well as tension overload in the
investigation. For the OL test procedure, after shedding the stress intensity range, AK,

to 6 KSI\/;Z a single 80 or 100 percent OL beyond the maximum dynamic load,
Pmax, was applied. Subsequent to the single overload cycle the pre-overload dynamic

loading conditions were resumed. Crack velocity, Vj, and crack opening loads, Pop;,

were monitored and recorded for every ten thousands of an inch of crack extension.
Recovery was taken to be when the crack velocity surpassed the pre-overload velocity
and remained so. The crack lengths were monitored with Fractomat Krack Gage®
(11). Determining the crack opening load of a M(T) panel proved to be difficult. The
first approach for measurement of Pop;, employed a MTS Model 632.05 crack mouth
opening displacement gage (12) mounted on one of the panel faces across th= crack
plane. This instrument has good sensitivity with +0.020-inch extension being its full
range of travel. However, no consistent change in Pop; could be perceived following

the OL.

Some of the panels were then modified to include a lengthened crack starter
notch plus a round hole tapered to the through-the-thickness center line to provide a
krife edge. A transducer similar to an ASTM E399 (13) double cantilever
displacement gage was altered to have half round ends and a V-groove to match the
rounded knife edge at the panel's center. This improved the resolution for a crack

length to width ratio, 2a/W, exceeding 0.4. However, the scatter from cycle to cycle
in Pop; was in the range of the change generated by the overload.

The final approach at instrumenting the panels had strain gages bonded on both

edges across the crack plane to monitor the back-face-strain (BFS). The results for one
test are presented in Figure 1. In the figure, the post-overload crack velocity, Vi, is

normalized by dividing that immediately preceding overload, V,; as is the crack
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opening load, Popj normalized with that immediately prior to overload, Popy. The line
across the figure where V;/V and Popj/Pop, are equal to one henceforth will be
referred to as the recovery line. This instrumentation improved the sensitivity and the
cycle-to-cycle variation in Popg was less than 1 percent for a/W greater than 0.4. The
velocity trace crosses the recovery line following 280,000 cycles. For these tests, the
changes in opening load, if any, was 2 percent or less. Still in more than half the tests,
the 80-percent overload would dramatically reducc the velocity or even arrest the crack
for hundreds of thousands of load cycles while the instrumentation could not detect any
change in crack opening load. This was the same findings as K.T. Venkateswara Rao
and R.O. Ritchie (6).

At this point the M(T) specimen was abandoned, and compression overloads
were dropped from any further consideration. Some of the remaining test coupons
were machined into compact type C(T) test specimens with an (L-T) orientation.

The dual location back-face strain compliance technique (14), illustrated in
Figure 2 was used to measure the crack-opening-load. The dual location technique has
been shown to provide more resolution with less amplification than the single location
BES technique (7) when the normalized crack length a/W is less than 0.4. The crack
length was measured using Fractomat Krack Gage® as was done on the M(T)
specimens. A number of refinements wer= made to the test control software such as
recording data for every 0.005 inch of crack extension and an even smaller interval for
the first 10 mils of post-overload crack growth.

The cycle-to-cycle scatter in Pop; was reduced to be a fraction of a percent of
Pmax and test-to-test repeatability in laboratory air, with humidity below 30 percent,

was considerably improved. The results for a 100-percent overload test are presented
in Figure 3. The delay was 376 kilocycles, most of which the crack front was
stationary, the crack opening load rose about 5 percent, and the velocity recovered
following less than 10 mils of crack extension. In repeating the test, a 100-percent OL
produced permanent crack arrest more often than not. The results for an 80-percent
OL are plotted in Figure 4. As with A. Perkins (16) findings the 80-percent OL
produced a considerable nimber of delay cycles but always allowed the velocity to
recover. In this case the delay represents 345 kilocycles.
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With the test procedure, test control and data acquisition software, and
instrumentation adequately refined attention was turned to material of primary interest
PM aluminum alloy AL-905XL forging.




SECTION 3
TEST MATERIAL

The test material was mechanically alloyed PM aluminum alloy AL-905XL
forging produced by Inco Alloys. The billets were hand forgings measured 1.25 x 6 x
9 inches and were produced in the fall of 1988. The results of a chemical constituent
analysis are presented below:

CHEMICAL COMPOSITION, WEIGHT PERCENT
Mg C Li Si (0] Al
5.15 1.09 0.55 0.32 0.05 Balance

The material is under development for forging applications as a replacement to
aluminum alloy 7075. It has been purported to possess good strength and ductility
along with excellent resistance to stress corrosion. In addition, it is also claimed not to
show anisotropic tensile properties as found in melted product forms (17).

All specimen blanks for this program were removed from the forging with the
loading direction parallel to the longest billet dimensions. Tensile specimens were
made and tested in accord with ASTM E8-89G (18). The results are presented below
in Table 1.

TABLE 1
TENSILE PROPERTIES OF AL-905XL

0.2% Yield Ultimate Reduction
Strength Strength in Area Elongation
(ksi) (ksi) (%) (%)
64.1 74.4 20.0 10.58
65.7 74.1 19.5 9.15
59.7 73.9 22.2 11.18

The test materials strength and ductility are comparable to alloy 7075 (19)
which is the alloy targeted for replacement by the test material.
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Being a dispersion hardened powder metal product, it was expected to provide
good corrosion resistance properties (17,20). Round tensile specimens were removed
from the test piece with the loading oriented through the thickness. Specimens were
subjected to a constant load and exposed to an alternate emersion of 3.5 percent by
weight sodium chloride solution in accord with ASTM G44 (21). The data are
presented in Table 2. Results were interpreted in compliance with ASTM G64 (22),
producing a rating of intermediate, "C," resistance to stress corrosion cracking, which
was less than expected.

TABLE 2
PM ALUMINUM AL-905XL FORGING STRESS CORROSION TEST RESULTS

Yield Test Residual
Stress Strength Time Failure? Strength
(ksi) (%) (hours) Yes/No (ksi)
45 75 24 Yes N/A
45 75 99 Yes N/A
45 75 384.5 Yes N/A
30 50 64 Yes N/A
30 50 843 No 61
30 50 507 No 6!
30 50 757 Yes N/A
30 50 787 No 61
15 25 507 No 61

11




SECTION 4
PROCEDURES

Constant amplitude fatigue crack growth rate tests were conducted in
compliance with ASTM E647 (23). A compact-type specimen with a width, W, equal
to two inches and a thickness, B, of a quarter inch was used for both the constant load
amplitude and the OL fatigue tests. All specimens had a (L-T) orientation. One of the
first alloy AL-905XL OL tests used a load-ratio of 0.1. The crack opening load was
less than the minimum dynamic load, consequently the velocity recovered prematurely
as the opening load dropped below the minimum dynamic load. For all remaining
tests, a load-ratio equal to 0.05 and a frequency of 15 Hz were used for both types of
dynamic testing. A computer was used for automated test control and to log the data.
As with the preliminary work on alloy 2091, a Fractomat Krack Gage® was used for
the crack length measurement.

Data were generated in laboratory air for the two extremes in relative humidity,
i.e., below 10 percent and in excess of 90 percent. For the low humidity air
environment, the specimen was enclosed in a sealed plexiglass box. The bottom of the
chamber had an inch layer of dried desiccant. The sealed chamber was allowed to
stand for approximately two hours prior to commencing load cycling.

The high humidity tests used the same environmental chamber but rather than
using the desiccant a capped bottle half filled with distilled water was heated along with
laboratory air being bubbled through the water. An output tube passed through the
bottle cap and was plumbed into the test chamber. A humidity meter was left inside
the chamber to insure the humidity stayed above 90 percent.

As with the constant load amplitude tests, the overload tests control and
data acquisition were computer automated. The test procedure consisted of shedding
the dynamic loads, after 10 mils of crack extension to a final stress intensity range of
6 KSI\/I'; in compliance with ASTM E647 (18). Data were recorded for every 5 mils
extension or 50,000 load cycles whichever occurred first. A single 150-percent
overload beyond the maximum constant amplitude load was applied and followed by
resumption of the pre dverload dynamic loading conditions. A 150-percent overload
was used for the aluminum AL-905XL material because an 80- or 100-percent spike
produced no change in crack opening load and only a slight reduction in velocity over

12




10 to 15 mils of post-overload extension. For the initial 10 mils of post-overload crack
extension data was recorded with greater regularity. Generally, the test was allowed to
continue till the post-overload fatigue crack velocity exceeded that existing immediately
prior to the overload cycle and the crack opening load dropped below the pre-overload
value.

The crack opening load was determined by interrupting the dynamic loading and
slowing the load cycling to approximately 0.03 Hz. The load was ramped to
95 percent of the maximum dynamic load for five successive load cycles. Load and
strain data were recorded on the unloading portion of the load cycle. A straight line
was fitted to the load versus BFS data for the data segment where the load exceeded
65 percent of the maximum dynamic load. Crack opening load was taken to be where
the load versus strain data plotted outside the scatter band of the data used in fitting the
straight line. Of the five measurements, the high and low values were rejected and
Pop; was taken to be the average of the remaining three. Results are summarized in

Table 3.
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TABLE 3

ALUMINUM ALLOY AL-905XL FORGING 150-PERCENT OVERLOAD
FATIGUE TEST RESULTS

1S Hz R = 0.05 Lab Air

da/dn @ OL  Delay Cycles

A/W R.H (%) Pop/Pmax (u in./cyc.) (*10°3)
0.586 <10 0.094 1.406 33
0.449 <10 0.148 0.845 37
Avg. 35
0.376 28 0.112 1.070* 55
0.450 28 0.125 0.902* 41
Avg. 48
0.362 52 0.242 0.888 37
0.396 58 0.104 0.494 59
0.392 48 0.150 1.092 48
Avg. 48
0.339 >90 0.117 1.287 63.2
0.663 >90 0.137 2.374 45.4
0.429 >90 0.208 1.515 48.1
0.502 >90 0.377 1.453 53.5
0.620 >90 0.406 1.711 73.5
0.568 >90 0.184 1.614 40.7
Avg. 54.1

*R=0.10

14




SECTION 5
RESULTS AND DISCUSSION

Constant load amplitude fatigue data are presented in Figure 5. Above a stress
intensity range of 4 KSIVin. the effective stress intensity range, AKeff was about

85 percent of the remote stress intensity range, AK. As AK decreases below

3 KsI Vin. AKefr also decreases to about 70 percent of that applied. At the same time

the data sets separate. The high humidity air data shows additional retardation, in the
near threshold region. Alloy AL-905XL showed much lower Py, than that measured
for the alloy 2091-T851 plate material due to the finer grain structure, less crack
deflection and increased homogenization of slip (24).

The OL test results were presented in Table 3. In Figure § for AK equal to
6.0 KSI Vin. the corresponding velocity is just above where the two data sets separate.
Foliowing overload, the crack velocity dipped into the 10-7 inch/cycle range where the
data sets are clearly separated. The high humidity and lab air environments produced
increased delay for some of the tests and consideration test-to-test variation in the
number of delay cycles, than found in the dry air environment. For the laboratory air
average test results, the 28 percent relative humidity produced about the same delay as
found in the 50 percent relative humidity environment. The saturated air test results
show about the same amount of scatter as the laboratory air data but with a small
increase in the number of delay cycles for some test as was expected after viewing the
constant load amplitude fatigue crack growth data.

A plot of one of the normalized crack velocity, Vj/Vq, and crack opening loads,
Pop;/Pop,, are presented in Figure 6. Both the AL-905XL and Al 2091 blunted cracks

recover more often than not in two stages: first the crack opening load dips below the
recover line and the crack velocity increases significantly, this first stage is not always
present. The second part has the velocity drop dramatically while the opening load
crosses above the recovery line; this second stage was always present for overloads
greater than 80 percent.

There is a dramatic contrast between the alloys AL-905XL and 2091 response to
an overload. The test materials recovery extends over much greater amount of crack
extension but required only a small fraction of the number of delay cycles. The drop in

15
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crack velocity is much less than found in alloy 2091 even though the overload is nearly
twice as much. The rise in post-overload crack opening load is much larger in the
aluminum AL-905XL forging. In general, the precipitation hardened alloy 2091
showed much more retardation than the dispersion hardened test material.

In Figure 6, the crack velocity recovers following 0.025 inch of crack
extension, whereas the crack opening load recovers following an additional 0.060 inch
further extension. This occurred in both the high and low humidity environments, as
well as, in the alloy 2091 tests and was believed to be due to the test procedure. In
holding the post-overload dynamic loads constant, the crack is moving into an
increasing stress intensity field. The stress intensity range increases from 6.00 KSIvin.
at the left side of the figure and to 6.69 KSI\/R at tests end. Although nominally

small, it is large enough to dominate the crack velocity and crack opening load.
Increasing stress intensity produces more crack tip plastic zone residuals on which Pop;

is strongly dependent. The rising stress intensity bolsters Pop; and postpones its
dropping to the recovery line for thousands of additional load cycles. Simultaneously,
the increasing Kyax prematurely accelerates the crack velocity back to the recovery
line; thus, the increasing stress intensity field drives the Pop;/Popg and V/Vj traces

final crossings of the recovery line in opposite dirctions.

Seeing this behavior in the test results, the procedure was altered to drop the
dynamic loads after every 10 mils of post-overload crack extension, now keeping the
stress intensity range AK at 6.0 KSI\/IT': A few additional tests were conducted with
the crack now moving into a constant stress intensity field. Results are summarized in
Table 4. Plots for several of the tests are presented in Figures 7 through 9. As with
the first series of tests, most recovered in two stages. Whether recovery is in one or
two stages, now the two traces always cross the recovery line simultaneously or in
close proxomity. Recovery of the original velocity usually represented 0.040 to
0.060 inch of post-overload crack extension. In the dry and saturated air environments
as the crack increases in length, the opening load and delay drop while the velocity
increases. This was pursued further by taking the data from these tests where the stress
intensity range was equal to 6.0 KSI\/IT’: either prior to OL or after recovery. The
results are presented in Figures 10 and 11.
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TABLE 4

ALUMINUM ALLOY AL-905XL FORGING 150-PERCENT OVERLOAD

A/W

0.308
0.374
0.422

0.555
0.596
0.631

0.374
0.494
0.549

I5Hz R =0.05

R.H (%)

<10
<10
<10

48
60
58

>90
>90

FATIGUE TEST RESULTS
Lab Air  AK = 6 KSIVin.

da/dn @ OL

Pop/Pmax (u in./cyc.)
0.515 0.8544
0.457 1.2305
0.411 1.4105
0.116 1.1508
0.173 1.1415
0.143 1.0674
0.664 1.1283
0.326 2.0177
0.229 2.2777

>90

* post-overload stress intensity range held constant at AK - 6 KSIM
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Delay Cycles
(*103)

42.9
40.0
37.9

38.3
127.1
60.9

89.9
52.5
419




Al=Li POST-OVERLOAD RETARDATION
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Figure 7.

Post-Overload Normalized Velocity and Crack Opening
Load Following a 150-Percent Overload on an Alloy
AL-905XL Compact-Type Specimen in Low Humidity Air.
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Al—Li POST-OVERLOAD RETARDATION
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Figure 8. Post-Overload Normalized Velocity and Crack Opening
Load Following a 150-Percent Overload on an Alloy
AL-905XL Compact-Type Specimen in Laboratory Air.
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Al—Li POST-OVERLOAD RETARDATION
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Figure 9.

Post-Overload Normalized Velocity and Crack Opening
Load Following a 150-Percent Overload on an Alloy_
AL-905XL Compact-Type Specimen in High Humidity Air.
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Figure 10. Alloy AL-905XL Normalized Crack Opening Load and

Effective Stress Intensity Range for a Remote

Stress Intensity Range Equal to 6 KSI/in.
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Figure 11. Post-Overload Delay Cycles for Alloy AL-905XL

Following a 150-Percent Overload.
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In Figure 10 the crack opening load is normalized with the peak dynamic load,
Pmax. The opening load drifts downward with crack extension. The dry air

environments opening load is always lower than that for the saturated air. In the
Figure AKeff is smaller in saturated air. With increasing crack length AKefr rises.
The difference between the two data sets diminishes as the crack becomes longer and
AKefr approaches the remote stress intensity range, 6 KSI‘/i;:

The delay cycles for the saturated and dry air tests are presented in Figure 11.
At the left side of the figure, the delay is greater in the high humidity air due to
oxidation products on the crack faces of a shorter tighter crack resulting in increased
closure (4). If the dry air trend lines were extended, it would join that of the saturated

air at an a/W value between 0.55 and 0.60 due to the crack remaining open for all of
the load cycle, i.e. Pop/Ppax equals the load-ratio of 0.05 (Figure 10).
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SECTION 6
CONCLUSIONS

The retardation in crack growth rate due to compressive loads in spectrum
loading seen in the dispersion hardened PM aluminum lithium test material, AL-
905XL,was not near as great as that in alloy 2091 a precipitation hardened
material.

In the constent load amplitude and overload experiments humidity produced an
increase in fatigue crack growth resistance. For the OL tests increased
retardation was reflected in a larger number of delay cycles.

The humidity-retardation effect diminishes with increased crack length where
the crack tip remains open for more of the load cycle.

A small change in crack opening load can correspond to a great change in crack
velocity.

It is more difficult to measure the crack opening load in an M(T) specimen than
in a C(T) specimen particularly at shorter crack lengths.
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